Cu nanoparticles doped with small amounts of noble metals were synthesized by ultrasonication. The noble metals selected were Pd, Pt, Ru, Rh and Ir. Mean particle size was most reduced for Cu nanoparticles doped with Pd, with CuPd nanoparticles of approximately 50 nm in diameter being obtained. X-ray absorption, near-edge spectroscopy and extended X-ray absorption were used to conduct fine structure analysis, and these techniques confirmed that CuPd nanoparticles possessed CuPd bonds. High-angle annular dark-field scanning transmission electron microscopy and energy dispersive X-ray spectrometer mapping were used to show that CuPd nanoparticles were dispersed as Pd clusters inside Cu nanoparticles. It was supposed that the surfaces of CuPd nanoparticles were Cu-rich, and Pd clusters were dispersed inside these particles. It is proposed that heterogeneous nucleation of Cu onto Pd nuclei resulted when nucleation of Pd occurred.
Introduction
Currently, Ag nanoparticles are mainly used as the conductive paste for screen printing and printed electronics.
13) However, Ag is expensive and can cause electrical short circuits because of a tendency towards electromigration. 4) For this reason, Cu nanoparticles are suitable to replace Ag because the former are relatively inexpensive, highly conductive and resistant to electromigration. However, oxidation of Cu nanoparticles is inevitable in the ambient atmosphere. Therefore, Cu composite materials coated with noble metals have been focused on. 5, 6) Nonetheless, because such materials include a quantity of noble metal, they can also be expensive. To date, there are few reports on Cu composite materials with small amounts of noble metal. Clearly, if the amount of noble metal for coating can be reduced, the price of such nanoparticles can also be reduced. Therefore, there has been increasing focus on achieving the functionalization of Cu composite materials with much smaller amounts of noble metal.
Ultrasonication has been used for the synthesis of metal nanoparticles because it is possible to use a mild reducing agent and to synthesize at a low temperature by promoting chemical reactions by using cavitation. 7, 8) It is also regarded as a clean, energy-efficient process. In this study, Cu nanoparticles doped with small amounts of noble metal have been synthesized by ultrasonication, and process conditions have been investigated to achieve better control of morphology and to reveal the underlying growth mechanism. Specifically, the microstructures formed during ultrasonication have been evaluated.
Experimental

Materials
Copper ( 2 , 95%, Wako Pure Chemical Industries, Ltd.) was used as the dispersant. All reagents were used as supplied.
Preparation of Cu nanoparticles doped with small
amounts of noble metal 0.05 M Cu(acac) 2 , 100 mL ethanol, 0.1 M L-ascorbic acid and 0.1 M dodecylamine were used. The use of these chemicals as copper precursor, solvent, reducing agent and dispersant, respectively, has been specified in Section 2.1. Pd(acac) 2 , Pt(acac) 2 , Ru(acac) 3 , Rh(acac) 3 or Ir(acac) 3 were used as noble metal precursors. In a given reaction, one of these was used, and all reagents were added to a 300 mL conical flask. A noble metal precursor was added to a 300 mL conical flask to obtain molar fractions Cu/M (M: Pd, Pt, Ru, Rh, Ir) = 100 : 1 and 100 : 3 (CuM 1, 3, respectively). In particular, to investigate the CuPd nanoparticles further, they were synthesized with different Cu/Pd molar ratios of 100 : 1, 100 : 3, 100 : 5 (CuPd 1, 3, 5, respectively). The flask was almost completely immersed in a water-filled sonoreactor (HSR-01, Honda Electronics, Japan). The temperature of the flask was controlled using a water bath at 40°C, while the frequency and output power was controlled by an ultrasonic generator (Wave Factory WF1943, NF Corporation). The solidliquid system in the flask was then exposed to ultrasonic radiation at 97.0 kHz for periods of 3 h. The ultrasonic generator was typically operated at a power of 100 W. Powder samples were obtained by centrifugation (1500 rpm, 5 min), washed three times with ethanol alternately to remove reactants and dispersants, and then dried in air at room temperature.
Characterization
The structural properties of the powder samples were characterized by X-ray diffraction (XRD, Rint 2000, Rigaku, Ltd., Japan) with a Cu K¡ radiation source with 2ª Bragg angles in the range 590°at 40 kV and 20 mA. Field-emission scanning electron microscopy (FE-SEM, Model-S-4800, Hitachi, Japan) was used to characterize the microstructure of the samples. Pd K edge X-ray absorption near-edge structure (XANES) and Pd K edge EXAFS measurements were carried out in the transmission mode at the BL-07 beamlines of the Kyushu Synchrotron Light Research Center at Saga, Japan, using synchrotron radiation at room temperature. A channel-cut Si(220) monochromator was used. Scanning transmission electron microscopy (STEM, Model-HD-2700, Hitachi, Japan) was used to characterize particles of the samples and High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, JEM-ARM200F, Japan) with attached energy-dispersive X-ray spectrometer (EDX) was used to conduct the microelement analysis of the samples.
Results and Discussion
Synthesis by ultrasonication of Cu nanoparticles
doped with small amounts of noble metal Figure 1 shows the XRD patterns of Cu nanoparticles (CuM nanoparticles) doped with small amounts of noble metal that were synthesized by ultrasonication and non-doped Cu nanoparticles synthesized by ultrasonication. It was found that all samples were reduced to Cu. However, it was also discovered that there were no peaks corresponding to noble metals, and the main peak of Cu was not shifted due to alloying with noble metal. It is possible that the noble metal particles were either very fine or highly amorphous. Consequently, there may not have been sufficient material to detect the peak intensities of the noble metals. Figure 2 shows the TEM images and particle size distributions of CuM particles and non-doped Cu nanoparticles. Since a TEM image of CuRu 1 could not be observed because of the influence of organic moieties, a TEM image of CuRu 3 is shown instead. The diameters of CuM particles were smaller than those of non-doped Cu nanoparticles, (Fig. 2) . In Fig. 1 , there are peaks that correspond to Cu only. This indicates that the CuM nanoparticles had small peak intensity, indicating that they were highly amorphous, which may because the noble metal within Cu M nanoparticles has an ultrafine diameter. Alternatively, the noble metal acetylacetonate were reduced to noble metal nanoparticles by it self. Then, this nanoparticles, synthesized by ultrasonication may have possessed ultra-fine diameters.
Decomposition temperatures of various metal acetylacetonates are shown in Table 1 . It is clear that as the decomposition temperature of the metal acetylacetonate decreases, the particle size is also reduced. Consequently, it is suggested that the particle size can be decreased by doping smaller amounts of noble metal. This may occur because the Fig. 1 The XRD patterns of CuM particles and noble metal non-doped Cu nanoparticles. Fig. 2 The TEM images and particle size distributions of CuM particles and noble metal non-doped Cu nanoparticles.
Synthesis of Noble Metal-Doped Cu Nanoparticles by Ultrasonicationnoble metalacetylacetonate complex decomposed or was reduced, faster than Cu(acac) 2 was in the ultrasonic reaction field of a heterogeneous solidliquid system. Thus, when nucleation of the noble metal particles occurs, heterogeneous nucleation of Cu onto those nuclei also occurs. Conductive paste for screen printing and printed electronics requires metal nanoparticles whose diameter are in the range 10100 nm, to achieve optimal handling and appropriate melting point depression. Small amounts of Pd-doped Cu nanoparticles (CuPd nanoparticles) had smaller average diameters than CuM particles, and the diameters of CuPd nanoparticles were in the range of 10 to 100 nm. Therefore, the microstructures for CuPd nanoparticles have been investigated.
doped with small amounts of Pd Figure 3 shows the XRD patterns of CuPd x (x = 0, 1, 3, 5). All samples were reduced to Cu as shown in Fig. 3 . However, peaks characteristic of Pd could not be observed (Fig. 3) . Additionally, the peak shift by alloying could not be observed either (Table 2 ). Figure 4 shows the TEM images of CuPd x (x = 0, 1, 3, 5). The diameters of CuPd nanoparticles were smaller than those of non-doped Cu nanoparticles. Furthermore, as the amounts of doped Pd were increased, particle diameters tended to decrease.
Hence, the particle morphology and mechanism of formation of CuPd nanoparticles were investigated further by using XAFS measurement and HAADF-STEM.
XAFS measurement
XAFS and EXAFS analyses were used to confirm the elements in the CuPd nanoparticles. The EXAFS signal from the absorption spectrum was weak for the sample of CuPd 1, and could not be resolved from the data. As a result, the data for CuPd 1 are not shown. Figure 5 shows the XANES spectra at the Pd K edge. The spectra were normalized using the maximum peak intensities, respectively. The signal-to-noise ratio was significantly low for the CuPd 1 sample. This indicates that the signal from the absorption spectrum was not sufficiently intense owing to extremely minute amounts of Pd in the samples. The CuPd 1, 3, 5 samples showed very similar spectra, which resembled the spectrum of Pd foil (peak shapes near 24360, 24381 eV). This coupled with a comparison with the spectrum of PdO foil suggests that the CuPd 1, 3, 5 samples were probably not oxidized. The spectra of the CuPd 1, 3, 5 samples were also broader than the Pd spectrum, as shown in Fig. 5 . Although it is possible that the electronic structure is modified by CuPd bonding, this might actually be caused by an insufficiently strong peak due to the weak spectral signal. Therefore, it cannot be determined whether Pd is separated from the Cu phase, or whether Pd and Cu are homogeneously mixed at the atomic level.
Results of XANES measurement
Results of EXAFS measurement and HAADF-
STEM measurement To understand the detailed microstructure of CuPd nanoparticles, the EXAFS spectra of these samples as well as those of Pd and PdO powders were measured. Initially, only information from the signal of the EXAFS region was required, and this X-ray energy data was converted to k, which is the wavenumber of the photoelectron and is 1/distance. Then, a Fourier transform was conducted into R-space, the interatomic distance. Figure 6 shows the resulting Fourier-transformed EXAFS spectra of the samples. The radial distribution functions of CuPd 3, 5 samples were different from those of Pd and PdO powders, as shown Fig. 6 . Furthermore, CuPd 3, 5 samples had almost the same radial distribution functions. In particular, they had the peaks located at a shorter distance than the PdPd band distance but longer than the PdO bond distance (Fig. 6) . It is likely that this peak represents the CuPd bond.
9) Thus, it is suggested that the CuPd nanoparticles synthesized in this study were homogeneously mixed at the atomic level between Pd and Cu. Fig . 3 The XRD patterns of CuPd x particles (x = 0, 1, 3, 5). To investigate the elemental distribution state of Pd in the CuPd nanoparticles, element mapping was performed using EDX. However, the element Pd could not be detected in the CuPd 1, 3, 5 samples, most likely because there was insufficient amount of Pd present. Therefore, the amounts of doped Pd were increased to synthesize the CuPd 10 as a model case, and HAADF-STEM, with attached EDX, was used to analyze the microstructure and to perform element mapping, respectively, of the CuPd 10 sample (Fig. 7) . Both Cu and Pd were now observed in the ultrafine particles. It is assumed that Pd clusters were dispersed in the Cu nanoparticles or homogeneously mixed at the atomic level, because of localized physical energy derived from the ultrasound waves. The case of CuPd 1, 3, 5 may have the common structure. Hence, it is indicated that CuPd nanoparticles are dispersed Pd clusters within Cu nanoparticles or that Cu and Pd are homogeneously mixed at the atomic level within Cu nanoparticles. 
Morphology and mechanism of small amounts of
Pd-doped Cu nanoparticles Because of the above results, the morphology and growth mechanism of the samples require discussion. One reaction field in this study is a solidliquid system. A metal precursor was solid. Solvent was liquid. Here, a insoluble solid raw material was dissolved to form a dilute solution. Then, a liquid raw material was reduced using a reducing agent. This cycle was repeated till a raw material was consumed completely. Therefore, it is suggested that this system conformed to nucleation and growth mechanisms based on LaMer's model for polydisperse particles. 10) Furthermore, Pd(acac) 2 was reduced by L-ascorbic acid faster than by Cu(acac) 2 according to this reaction field. A growth mechanism based on LaMer's model for a solidliquid system is possible, which implies that critical supersaturation of Pd(acac) 2 occurred faster than that of Cu(acac) 2 , and both Pd(acac) 2 and Cu(acac) 2 experienced repeated cycles of nucleation/growth until they were depleted.
Thus, it is supposed that the growth mechanism for CuPd nanoparticles synthesized in this study was as above. Figure 8 shows the schematic illustration of nucleation and growth mechanisms based on LaMer's model for CuPd nanoparticles. Initially, raw materials were dissolved to critical supersaturation. When Pd and Cu were nucleated, Pd was nucleated faster than Cu in the III phases. Then, heterogeneous nucleation of Cu onto the Pd nuclei in the IIIII phases occurred. After the CuPd clusters were agglomerated/condensed in the IIIIV phases, grain growth was achieved by surplus Cu clusters in the IVV phases. Finally, it is suggested that the surfaces of CuPd nanoparticles are Cu rich and that dispersed Pd clusters are present insider the nanoparticles and that Cu and Pd are homogeneously mixed at the atomic level.
Moreover, as the amounts of Pd doped were increased, the diameters of CuPd nanoparticles decreased as shown Fig. 4 . This can be attributed to the rise in the number of Pd clusters by the increased amounts of doped Pd. When the amounts of Cu that nucleated heterogeneously onto Pd nuclei, were increased by increased Pd nucleation, the amounts of Cu that deposited on one Pd nucleus decreased. Hence, reduction in the diameter could be the cause of the reduction in the amounts of Cu that were available for growth owing to surplus Cu clusters. 
Conclusion
Cu nanoparticles doped with small amounts of noble metal were synthesized by ultrasonication of a heterogeneous solidliquid system in this study, and the characterization of the microstructures of the resulting CuPd nanoparticles was performed.
It is suggested that surfaces of CuPd nanoparticles are Cu-rich and that dispersed Pd clusters exist inside the particles. Furthermore, it has been observed that the diameters of CuPd nanoparticles were reduced due to the use of small amounts of Pd.
It was also found that CuPd nanoparticles whose diameters were below ca. 50 nm could be synthesized with standard deviation in particle sizes controlled to within 10% by doping small amounts of Pd. The conductive paste requires particles with diameters in the range 10100 nm. Therefore, this conductive paste may allow us to directly write conductive features on transparent plastic substrates, suggesting the potential of creating plastic electronics for applications such as screen printing and printed electronics in a simple and economic manner.
